O-linked N-acetylglucosamine (O-GlcNAcylation) is an important post-translational modification on serine or threonine of proteins, mainly observed in nucleus or cytoplasm. O-GlcNAcylation regulates many cell processes, including transcription, cell cycle, neural development and nascent polypeptide chains stabilization. However, the facile identification of O-GlcNAc is a major bottleneck in O-GlcNAcylation research. Herein, we report that a lectin, Agrocybe aegerita GlcNAc-specific lectin (AANL), also reported as AAL2, can be used as a powerful probe for O-GlcNAc identification. Glycan array analyses and surface plasmon resonance (SPR) assays show that AANL binds to GlcNAc with a dissociation constant (KD) of 94.6 μM, which is consistent with the result tested through isothiocyanate (ITC) assay reported before (Jiang S, Chen Y, Wang M, Yin Y, Pan Y, Gu B, Yu G, Li Y, Wong BH, Liang Y, et al. 2012 . A novel lectin from Agrocybe aegerita shows high binding selectivity for terminal N-acetylglucosamine. Biochem J. 443:369-378.). Confocal imaging shows that AANL co-localizes extensively with NUP62, a heavily O-GlcNAcylated and abundant nuclear pore glycoprotein. Furthermore, O-GlcNAc-modified peptides could be effectively enriched in the late flow-through peak from simple samples by using affinity columns Sepharose 4B-AANL or POROS-AANL . Therefore, using AANL affinity column, we identified 28 high-confidence O-linked HexNAc-modified peptides mapped on 17 proteins involving diverse cellular progresses, including transcription, hydrolysis progress, urea cycle, alcohol metabolism and cell cycle. And most importantly, major proteins and sites were not annotated in the dbOGAP database. These results suggest that the AANL lectin is a new useful tool for enrichment and identification of O-GlcNAcylated proteins and peptides.
Introduction O-Linked β-N-acetylglucosamine (O-GlcNAcylation), which was discovered on lymphocytes in the early 1980s, is an N-acetylglucosamine monomer covalently attached to hydroxyl groups of serine or threonine residues of proteins (Torres and Hart 1984; Holt and Hart 1986) . O-GlcNAcylation is ubiquitous, and has been reported in all kinds of organisms, including bacteria (Schirm et al. 2004; Shen et al. 2006) , fungi (Woosley et al. 2006 ) and all metazoans (Hart et al. 2011; Banerjee et al. 2013 ). Cycling of O-GlcNAc is regulated by two highly conserved and unique enzymes: O-GlcNAc transferase (OGT) and O-GlcNAcase (OGA), which respond to stress, hormones or nutrients (Hart, et al. 2007; Hanover et al. 2010; Zeidan and Hart 2010) . Uridine diphosphate N-acetylglucosamine (UDP-GlcNAc), which is produced via the hexosamine biosynthetic pathway, is the donor substrate for OGT, and OGA regulates O-GlcNAc removal (Dorfman et al. 1955; Ghosh et al. 1960; Marshall et al. 1991; Gao et al. 2001) . Knockdown of OGT leads to embryonic lethality in mice (Gao et al. 2001) . O-GlcNAcylation has an important role in transcription, protein trafficking and turnover, nutrient sensing, cell cycle, neural development, stress response and nascent polypeptide chains stabilization (Hart et al. 2007 (Hart et al. , 2011 Zhu et al. 2015) . Dysregulation of O-GlcNAcylation contributes to some important diseases, including cardiovascular diseases, cancer, neurodegeneration, diabetes (Marshall et al. 1991; Hart et al. 2007; McClain et al. 2002; Slawson et al. 2010; Paruchuri ; Gong et al. 2012; Dassanayaka and Jones 2014; Yuzwa and Vocadlo 2014) .
Although O-GlcNAcylation is ubiquitous and it participates in a multitude of cellular processes, the identification of O-GlcNAcylated proteins and sites is still challenging. Akin to other post-translational modifications (PTMs), O-GlcNAcylation is often substoichiometric, and is commonly found in low-abundance regulatory proteins. Most importantly, O-GlcNAc is uncharged, small and is very labile upon ionization during mass spectrometry (MS) analysis (Hart et al. 2007 ). Therefore, methods for the enrichment of O-GlcNAcylated proteins or peptides and for the development of mass spectrometric methods are particularly important. For enriching O-GlcNAcylated proteins or peptide, there are some methods, including chemical/enzymatic approaches (Khidekel et al. 2007; Rexach et al. 2008; Wang, Udeshi, O'Malley et al. 2010; Wang, Udeshi, Slawson et al. 2010; Alfaro et al. 2012) , O-GlcNAc-specific monoclonal antibodies (Teo et al. 2010; Zhao et al. 2011 ), β-elimination followed by Michael addition (BEMAD) (Wells et al. 2002; Vosseller et al. 2005; Hahne et al. 2013) and metabolic labeling methods (Zaro et al. 2011; Chuh et al. 2014) . Wheat germ agglutinin affinity chromatography is also a useful method for identification of O-GlcNAcylation. Burlingame et al. identified a large number of O-GlcNAc-modified proteins from murine synaptosomes and Arabidopsis (Trinidad et al. 2012; Xu et al. 2017) . In 2013, 23 confident O-GlcNAcylated peptides were identified from differentiating MC3T3E1 osteoblasts by using 3 m length LWGAagarose column (Nagel et al. 2013) . CpOGA D298N is a mutant of
CpOGA from bacterium Clostridium perfringens, which lose the catalytic activity and retain the binding activity (Mariappa et al. 2015) . Psathyrella velutina lectin (PVL) and CpOGA D298N have been as farwestern reagents for evaluating O-GlcNAcylation (Cioci et al. 2006; Mariappa et al. 2015; Machon et al. 2017) . Furthermore, CpOGA
D298N
has been used for O-GlcNAcylated proteins in Drosophila embryo (Selvan et al. 2017) . All these methods make great progress in O-GlcNAcylation peptides and sites identification and the functional research of O-GlcNAcylated proteins. However, none of these methods would be "the best one" and each of them contributes their different information in identification of O-GlcNAcylation modification. More new methods development is helpful to O-GlcNAcylated peptides identification and function investigation. Here, we reported an Agrocybe aegerita GlcNAc-specific lectin (AANL), could be used as a new tool for enrichment of O-GlcNAcylated peptides or proteins. AAL2 is renamed as AANL to avoid confusion with the famous fucose specific lectin Aleuria aurantia lectin (AAL). AANL is a lectin purified from Agrocybe aegerita via affinity chromatography with GlcNAc-coupled Sepharose 6B. AANL was reported to specifically bind to terminal non-reducing GlcNAc residues with higher specificity than WGA and Griffonia simplicifolia lectin-II (GSL-II), which are well-know GlcNAc-binding lectins, and was found to have ability of inducing apoptosis of hepatocellular cells as well as having anti-tumor effect in tumor-bearing mice in vivo (Jiang et al. 2012) . It was also used for the identification of an early biomarker in human non-small-cell lung cancer (Jin et al. 2016) . AANL monomer has a shape of cylindrical torus, exerting a seven-bladed β-propeller fold. Each blade is in a W-like shape, also named W-motif, all of which are organized around a 7-fold axis of pseudosymmetry and glycan ligands bind to the shallow pockets in the entrance of structure (Ren et al. 2015) . Herein, the high affinity for GlcNAc of AANL was further confirmed by surface plasmon resonance (SPR) results. AANL effectively enriched model O-GlcNAc peptides from a peptide mixture, and the lectin also effectively enriched OGlcNAcylated peptides from Babl/c mouse liver proteins. Enriched peptides were analyzed with combination of higher-energy collisional dissociation (HCD) and electron transfer dissociation (ETD) MS methods (Alfaro et al. 2012; Zhao et al. 2011) . Most of the identified O-GlcNAcylated proteins and sites are novel, suggesting that using AANL could be a novel, alternative strategy for O-GlcNAcylation identification.
Results

AANL has a high affinity for GlcNAc
Glycan array analysis was performed at Consortium for Functional Glycomics (CFG) for characterizing the glycan-binding profile of AANL, which was also called AAL2, purified from A. aegerita with GlcNAc-coupled Sepharose 4B column as described before (Jiang et al. 2012) . The glycan array data was analyzed through heat map in Figure 1A . The result showed that AANL has a specificity and affinity for glycans with terminal GlcNAc. To further determine the affinity of AANL for GlcNAc, SPR assay was performed. In Figure 1B , the data show that AANL binds to GlcNAc with a dissociation constant (KD) of 94.6 μM, which was consistent with the result tested through ITC assay reported before (Jiang et al. 2012 ). These results suggest that AANL has high affinity and specificity for GlcNAc and could be a candidate for identification of O-GlcNAcylated proteins.
AANL co-localize with O-GlcNAcylated nulear pore glycoprotein NUP62
Fixed HeLa cells were incubated with biotinylated AANL, examined by confocal imaging assay analysis. As shown in Figure 2A , AANL recognized proteins around or near to the nuclear membrane. After treating the Hela cells with PNGase F to delete N-linked glycans, the fluorescence intensity weakened and mainly distribute near the nuclear membrane. Furthermore, after treating with GlcNAc, no AANL was observed around the nucleus, which indicated that AANL could be eluted from targeted proteins by GlcNAc. O-GlcNAc is nearly exclusively on nuclear, cytosolic or mitochondrial proteins and highest density of O-GlcNAc is found on nuclear pore and cytoskeletal proteins (Banerjee et al. 2013) . Due to the abundance of nuclear pore proteins and their high level of O-GlcNAcylation, the signal from O-GlcNAcylated nucleoporins dominate the image in these types of fluorescent microscopic studies. Therefore, we selected an O-GlcNAcylated nulear pore glycoprotein with no other glycosylation (Uniprot), NUP62, to further verify whether AANL could recognize O-GlcNAcylated proteins. In Figure 2B , AANL was mainly distributed around the nucleus (green), and NUP62 (red) was co-localized with AANL suggesting that AANL could recognize O-GlcNAcylated NUP62. All these data suggest that AANL can bind to glycoproteins around cell nuclear membrane, including GlcNAc terminated N-glycosylated proteins and O-GlcNAcylated proteins.
AANL affinity column enrichment of model O-GlcNAcylated peptides
As AANL has selective high affinity for GlcNAc, two affinity columns POROS-AANL column and Sepharose 4B-AANL column were prepared for O-GlcNAcylated peptide enrichment. A peptide mixture, including five model O-GlcNAcylated peptides and tryptic digests of β-casein and κ-casein, were prepared, and loaded on a POROS-AANL column. Three fractions were collected designated as F1-F3 corresponding to two late flow-through fractions and one elution fraction. As shown in Figure 3A , there was an obvious small peak (fraction F1) after the main flow-through peak. The loading sample and collected fractions (F1-F3) were analyzed by MALDI-TOF-MS. As shown in Figure 3B -E, the model O-GlcNAc peptides could not be detected in the unenriched loading sample. However, after chromatographic separation, all five model O-GlcNAc peptides were found in F1. In F2 and F3, there were four and two model peptides found, respectively. These results indicate that the O-GlcNAcylated peptides could be enriched effectively in the late flow-through peak by POROS-AANL column. Another affinity column, Sepharose 4B-AANL column, was also used for O-GlcNAcylated peptides enrichment. Mixed peptides, comprised of tryptic digests of β-casein and κ-casein and five model O-GlcNAcylated peptides, were separated by Sepharose 4B-AANL column and results similar to the POROS-AANL column were obtained ( Figure Supplementary data,  S1 ). These data suggest that the O-GlcNAcylated peptides could also be efficiently enriched by Sepharose 4B-AANL column.
Enrichment of O-GlcNAcylated peptides from tryptic digests of the O-GlcNAcylated protein, αA-crystallin
To determine whether AANL can enrich O-GlcNAcylated peptides from native proteins, the model O-GlcNAcylated protein αA-crystallin was digested with trypsin and chromatographed on the POROS-AANL column. The O-GlcNAcylated peptide AIPV(S-O-GlcNAc)R was enriched and readily detected in fraction F2 ( Figure 4 ). All these results suggest that O-GlcNAcylated peptides can be effectively enriched by Sepharose 4B-AANL or POROS-AANL column.
Enrichment of O-GlcNAcylated peptides from mouse liver by using AANL affinity columns
In order to determine if AANL affinity columns could effectively enrich O-GlcNAcylated peptides complex sample obtained from tissues, we used the method to enrich O-GlcNAcylated peptides from mouse liver. O-GlcNAcylation is an important regulatory modification affecting liver physiology (Zhang et al. 2014) . As shown in Figure 5A, nuclear proteins and cytoplasmic proteins from liver tissues were separated for O-GlcNAcylation analyses. More O-GlcNAcylated proteins and higher O-GlcNAc modification levels are observed in the nucleus than in cytoplasm. Therefore, nuclear proteins were chosen to test the affinity columns, and two strategies were applied ( Figure 5B ). The nuclear proteins were separated by Sepharose 4B-AANL affinity column and three fractions (including two late flow-through fractions and one elution fraction) were collected ( Figure 5C ). After either PNGase F or OGA treatment, O-GlcNAcylated levels of the three fractions were detected by CTD110.6. As shown in Figure 5D , after OGA treatment, the signal of CTD110.6 of F2 and F3 was dramatically reduced, which indicated that O-GlcNAcylated proteins could be enriched by AANL affinity column in the tail of flow-through and elution fractions. Tryptic peptides of F1 and F2 were treated with PNGase F and then migrated slowly though POROS-AANL column for the second enrichment of O-GlcNAcylated peptides and the tail of flow-through were collected for O-GlcNAcylated peptide identification ( Figure 5E ). Tryptic peptides of F3 were treated with PNGase F to remove N-linked glycans. A total of three enriched fractions from mouse liver tissue were analyzed with LC-MS-MS by using HCD/ ETD fragmentation on Orbitrap Fusion mass spectrometer.
Identification of O-linked HexNAc-modified peptides and sites
A list of 28 identified O-linked HexNAc-modified peptides in which 23 O-linked HexNAc-modified sites were identified, from liver tissues are presented in Table I , all of them were confirmed by manual inspection of the spectra. About 17 O-linked HexNAc-modified sites and 14 proteins were new (not in dbOGAP). These identified O-linked HexNAc-modified proteins from mouse liver play important roles in diverse cellular progresses, including transcription (e.g., HCF-1), hydrolysis progress (e.g., Mcm2, Ctsd, Cps1, Ctsz and Otud7b), urea cycle (e.g., Cps1), alcohol metabolism (e.g., Aldh2) and cell cycle (e.g., HCF-1 and Mcm2). Six O-GlcNAcylated peptides with six O-GlcNAcylated sites (two new sites) of HCF-1, a highly O-GlcNAcylated protein, were identified, and two sites are new ( Figure 6A, B) . The spectrum of HCF-1 is presented in the Figure 6 . As shown in Figure 6A , the upper figure showed the oxonium ions of GlcNAc, which further established that the peptide "QPETYHTYTTNTPTTTR" is O-GlcNAcylated. The mass difference of 485.19 Da between the b5 and b3-H 2 O indicates modification of T1235 ( Figure 6A ) and the mass of 274.14 (b1-NH 3 ) indicating modification of S755 ( Figure 6B ), which were new O-GlcNAcylated sites. Figure 6C and D shows two O-GlcNAcylated sites of HCF-1, which were previously reported. More than 30 O-GlcNAcylated sites have been reported on HCF-1 (Myers et al. 2013) , however, the two new sites of six sites were identified in this research suggested these two sites may be the specific sites in liver or are difficult to identify by using other O-GlcNAcylated enrichment methods. Four O-GlcNAcylated peptides and two O-GlcNAcylated sites (one is new) of spectrin β2 were also identified in our study. Cathepsin B, CAP-Gly domain-containing linker protein 2 and La-related protein 4B were identified to possess multiple sites.
Discussion
Comparing the affinity for GlcNAc between other GlcNAc-binding proteins and AANL AANL, also named AAL2, isolated from A. aegerita, was reported could bind to terminal non-reducing GlcNAc residue with high specificity (Jiang et al. 2012) . In this study, we evaluated its affinity for GlcNAc monosaccharide through SPR (Figure 1) . rPVL is another recombinant fungal lectin, also has specificity for terminal non-reducing GlcNAc residues. By using SPR assay, the affinity of rPVL for GlcNAc was measured with KD of 134 μM (Audfray et al. 2015) and AANL for GlcNAc with KD of 94.6 μM in this paper, which indicates that AANL has similar affinity for GlcNAc with rPVL. It is reported that Biotin-rPVL and HRP-rPVL is a useful and efficient utilization by lectin blot for selectively detect O-GlcNAcylated proteins (Machon et al. 2017) . rPVL may also can be used for GlcNAcylated proteins/peptides enrichment, which is interesting and should be verified.
CpOGA D298N , a catalytically inactive bacterial OGA mutant keeping its GlcNAc-binding activity, was used as a probe for O-GlcNAc protein detect by far-western blotting (Mariappa et al. 2015) , which also was used in enriching O-GlcNAc peptides from Drosophila embryo, and 52 high-confidence O-linked HexNAc-modified peptides mapped on 43 proteins were identified (Selvan et al. 2017) . In this paper, we confirmed that AANL co-localizes with O-GlcNAcylated nulear pore glycoprotein NUP62, which has no other form of glycosylation (Figure 2A) , and AANL could bind to the proteins around the nucleus and this binding depends on GlcNAc (Figure 2) . Furthermore, O-GlcNAcylated peptides were effectively enriched at the tail of the flow-through by using~25-cm length AANL-coupled affinity column (Figures 3-5 ). All these results suggested that AANL is a potential new method for enrichment and identification of O-GlcNAcylated proteins or peptides. In the enrichment process, N-glycan with terminal GlcNAc residue is the main disturbing factor. Therefore, PNGase F treatment is necessary and helpful for O-GlcNAcylated peptides enrichment.
Liver plays a key role in glycometabolism including O-GlcNAcylation cycling, which was an important regulatory mechanism underlying normal liver physiology (Zhang et al. 2014) . Therefore, we chose mouse liver for O-GlcNAcylation identification although liver does not have a high O-GlcNAcylated level like brain (Vosseller et al. 2006; Chalkley et al. 2009; Trinidad et al. 2012) . By using AANL affinity column for enrichment of O-GlcNAcylated proteins or peptides and collecting three fractions, and 28 high-confidence O-linked HexNAc-modified peptides mapped on 17 proteins were identified from mouse liver in our study.
O-linked HexNAc modification of proteins identified from liver nuclear proteins
Recently, HCD/ETD MS-MS, a novel fragmentation mode, combining HCD and ETD, in which oxonium ions from glycan fragments for accurately determining glycopeptides and b-, y-, c-and z-ions could supply confident sequence and modified sites information of peptides, was used for O-GlcNAcylation identification (Zhao et al. 2011; Marino et al. 2015) . HCD/ETD MS analyses identified 17 O-linked HexNAc-modified proteins, among which 14 proteins were new (dbOGA; Table I ). We also identified 23 O-linked HexNAcmodified sites and 17 were new in single LC-MS-MS analysis, which are manually confirmed and assigned in Table I . The vast majority of O-GlcNAc-modified proteins sites were novel in this study. About 32% peptides agreed with the previously reported sequence predictions, which exhibit a preference for a proline in the −2 or −3 position relative to the modified sites, and 18% peptides agreed with "TTA" motif. In our research, no new obvious consensus sequences of O-GlcNAc modification were identified by motif analysis, about 36% peptides with threonine at +5 position, indicating AANL may be bind to O-GlcNAc with some sequence specificity ( Figure Supplementary data, S2 ). All these results suggested that AANL could be a novel and effective strategy for identifying O-GlcNAcylated peptides, which could make it a useful complement to other methods for O-GlcNAcylated proteins or peptide identification. Various cell processes of O-GlcNAc-modified proteins were observed in this research. Host cell factor 1 (HCF-1) is a transcriptional co-regulator essential for cell cycle progression and cell proliferation (Julien and Herr 2003; Dejosez et al. 2010; Mangone et al. 2010) . HCF-1 is a protein highly O-GlcNAcylated and more than 30 modified sites from various cell or tissue types have been reported (Myers et al. 2013) . In this study, we have identified six O-GlcNAcylated sites of HCF-1 and two sites are new. Three of these modified sites reside in the basic region, which have important roles in controlling cell proliferation (Mangone et al. 2010) . The other three sites were in the proteolytic processing domain with six central 26 amino acid repeats (HCF-1 PRO ) and cleavage takes place at these repeats resulting in HCF-1 N and HCF-1 C subunits formation (Wysocka and Herr 2003) . The threonine-rich region of HCF-1 PRO repeats could bind to OGT, the cleavage of HCF-1 takes place in the same active site of OGT used for glycosylation and UDP-GlcNAc is essential for the cleavage (Capotosti et al. 2011; Daou et al. 2011; Lazarus et al. 2013) , so the cleavage, influences cell cycle progression (Goto et al. 1997; Julien and Herr 2003; Tyagi and Herr 2009) , is closely linked with glycosylation. HCF-1 could also interact with many transcriptional factors, like E2Fs, which associates with HCF-1 to influence cell cycle progression (Zargar and Tyagi 2012) . Most of O-GlcNAc-modified proteins identified here were new. TAB182, a tankyrase-binding protein, regulates the DNA double-strand break repair by regulating interaction of PARP-1/DNA-PKcs (Zou et al. 2015) . OTUD7B, identified in our screen, is a deubiquitinase, which could regulate the non-canonical NF-κB pathway through controlling the deubiquitination and stabilization of TRAF3 (Hu et al. 2013) . Timm23 was also identified in our study, which is a component of the Tim23 complex that is a mitochondrial inner membrane translocon (Steffen and Koehler 2014) . We also identified a RNA-binding protein, LARP4B, which could regulate translation and also as a tumor suppressor of Glioma (Kuspert et al. 2015; Koso et al. 2016 ). Cps1, a carbamoyl-phosphate synthase, is a rate-limiting enzyme for urea cycle and related with coronary artery disease and weight maintenance 09, 186.08, 168.07, 144.07, 138.06 and 126 .05 (picture above) confidently determined that peptides identified were O-GlcNAc-modified. Annotation of b5 and b3-H 2 O ions enabled the exact localization of O-GlcNAc on T1235 (A), b1-NH 3 ion enabled the exact localization of O-GlcNAc on S755 (B), c-and z-ions enabled the exact localization of O-GlcNAc on T1241 (C) and z6 ion or the only "T" in this peptide enabled the exact localization of O-GlcNAc on T1248 (D). (Hartiala et al. 2016; Matone et al. 2016) . Aldh2 identified in our study, an aldehyde dehydrogenase, and alcohol dehydrogenase is the principal enzyme in hepatic metabolism of ethanol (Peng and Yin 2009) . Aldh2 gene mutation is associated with many cancers, such as hepatocellular carcinoma, gastric cancer and colon cancer. There may be potential value of Aldh2 in the human cancer treatment (Li et al. 2016) .
There is an extensive crosstalk between O-GlcNAcylation and phosphorylation and they may influence each other by competing on proteins at the same sites or proximal sites (Butkinaree et al. 2010) . Some peptides identified here have a site of O-GlcNAcylation at or near to the phosphorylation site previously reported (Supplementary data, Table SI ). The S108 site of DNA replication licensing factor MCM2, the S467 site of OTU domain-containing protein 7B, and the S2322, S2323 sites of spectrin beta chain, non-erythrocytic 1 are also phosphorylated sites annotated in PhosphoSite Plus. There are also some phosphorylated sites proximal to O-GlcNAc sites (within in four amino acides) (Supplementary data, Table SI ). These results suggest that there was a potential functional competition/reciprocity between these two modifications.
In summary, O-GlcNcylation is an important PTM and O-GlcNAcylation identification is still a bottleneck for its functional research. In this study, AANL is shown to have a high affinity and specificity for GlcNAc. AANL was used to enrich O-GlcNAcylated proteins and peptides for a single LC-MS-MS analysis, from mouse liver, the tissue not with a large amount of O-GlcNAcylated proteins. About 17 O-linked HexNAc-modified proteins were identified, and most of which were new. The high affinity for GlcNAc, simple and easy protocols are the key strength of AANL, and AANL could be used for identification of O-GlcNAcylated proteins or peptides in a large scale and be an effective and good complement to other methods for O-GlcNAcylated proteins identification.
Materials and Methods
Cell culture and reagents
HeLa cells were cultured in Dulbecco's Modified Eagle Medium (Carlsbad, CA), and were grown in an incubator at 37°C with 5% CO 2 . An antibody against to O-GlcNAc (CTD110.6) was purchased from Sigma-Aldrich (St. Louis, MO), and an antibody against to NUP62 was purchased from Santa Cruz (Dallas, Texas). PugNAc, dithiothreitol (DTT), iodoacetamide, β-casein, κ-casein and αA-crystallin were purchased from Sigma-Aldrich (St. Louis, MO). CNBractivated Sepharose 4B matrix and POROS AL resin were purchased from GE Healthcare (NJ, USA) and Applied biosystems (Massachusetts, USA), respectively. 
Glycan array analysis
Glycan array data (611 glycans) of AANL was downloaded from CFG (www.Functionalglycomics.org). R software was used to compare the glycan-binding profile of AANL.
Surface plasmon resonance
Steady-state equilibrium binding of monosaccharide and lectins was monitored at 25°C using a SPR biosensor (Biacore T100). AANL were coupled to a sensor chip (CM5) via amine coupling with 4300 resonance units (RU) in the test flow channels and flow path 1 which was not coupled to any proteins, was used as an activated blank control. GlcNAc was diluted a variety of concentrations, and then were injected at a flow rate of 30 μL/min and implemented with gradient concentrations from low to high. Binding curves were corrected according to the blank control and data analysis results were calculated with Biacore T100 evaluation software.
Sample preparation
AANL was purified from mushroom A. aegerita as previously reported (Jiang et al. 2012 ) and conjugated with the resin, Sepharose 4B, to be the Sepharose 4B-AANL resin, which were packed to an affinity column. About 10 mg nuclear proteins were loaded onto an affinity column (Sepharose 4B-AANL ). TBS was run over the column at 0.5 mL/min and the remaining proteins were eluted with 20 mM GlcNAc and three fractions, respectively, named "F1, F2 and F3" were collected and their volume as reduced using a 3-kD ultrafiltration device. F1-F3 were incubated with 50% acetone/50% ethanol/0.1% acetic acid at −20°C for one day, and then centrifuged at 4000 rpm for 20 min at 4°C. The precipitations were collected and dissolved with denaturing buffer (8 M urea, 0.2 M Tris PH8.0, 4 mM calcium chloride). These samples were incubated for 45 min at 37°C with 10 mM DTT, and then alkylated with 40 mM iodoacetamide in the dark for 30 min. These mixtures were respectively diluted 4-fold with ultrapure water and trypsin (1:50) was added and digested overnight at 37°C. Digested peptides were desalted using C18 Sep Pak cartridge (Waters) and lyophilized.
Enrichment of GlcNAcylated peptides
The peptides of F1 and F2 were dissolved with phosphate buffer and 100:1 PNGase F was added and incubated for 3 h, after which peptides were desalted and lyophilized. In addition, PNGase F treated peptides were loaded to another affinity column (POROS-AANL ), and the tail of the flow-through were collected and then desalted and lyophilized for MS analysis. For the F3, 100 μg digested peptides mixed with 1 μg PNGase F and incubated for 3 h, after which the samples were transferred to 10-kD ultrafiltration device to remove the PNGase F by centrifugation at 14,000 × g at 18°C for 10 min. The treated peptides of F3 were desalted and lyophilized for MS analysis.
LC-MS-MS analysis
Samples were analyzed with an Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific, San Jose, CA) equipped with an online nano-electrospray ion source. Peptides were separated on a 75 μm × 25 cm Acclaim PepMap C18 analytical column with a linear gradient of 2-40% solvent B for 105 min at a flow rate of 300 nL/min. The Orbitrap Fusion mass spectrometer was operated in the datadependent mode to switch automatically between MS and MS-MS acquisition, with resolution of 120,000 at m/z 200 in full MS over an m/z range of 350-1500, and AGC setting of 200,000 ions. MS-MS acquisition was performed with resolution of 30,000 at m/z 200, and AGC setting of 50,000 ions. Herein, samples were detected with combination of HCD and ETD. The HCD/ETD were performed when one or more oxonium ions (126.055, 138.055, 203.079 and 204.087) were detected in HCD spectrum. In the method of HCD/ETD, the normalized collision energy of HCD was set to 40%, the scan range was set from 120 to 2000 m/z, and AGC target was set to 100,000.
Data analysis
To obtain comprehensive O-GlcNAcylated peptide identification, the database engines, Peaks Studio 7.5, SEQUEST (Proteome Discoverer ver. 1.4) and MASCOT 2.5 were selected. HCD/ETD data were searched against the SwissProt Mus Musculus with 10 ppm precursor tolerance and 0.05 Da fragment tolerance. The enzyme was set to trypsin and the maximum of missed cleavage sites was set two. The fixed modification was cysteine carbamidomethylation (+57.021 Da), and the variable modifications were HexNAc (T/S) (+203.079372 Da) and methionine oxidation (+15.995 Da). Tandem mass spectra were manually confirmed and were examined for the presence of the neutral loss of HexNAc or oxonium ions generated from HexNAc. The FDR was set to 1%.
Supplementary data
Supplementary data is available at Glycobiology online.
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